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During development, the lumen of the neural tube develops into a system of brain cavities or ventricles, which play important roles in normal
CNS function. We have established that the formation of the hindbrain (4th) ventricle in zebrafish is dependent upon the pleiotropic functions of the
genes implicated in human Dandy Walker Malformation, Zic1 and Zic4. Using morpholino knockdown we show that zebrafish Zic1 and Zic4 are
required for normal morphogenesis of the 4th ventricle. In Zic1 and/or Zic4 morphants the ventricle does not open properly, but remains completely
or partially fused from the level of rhombomere (r) 2 towards the posterior. In the absence of Zic function early hindbrain regionalization and neural
crest development remain unaffected, but dorsal hindbrain progenitor cell proliferation is significantly reduced. Importantly, we find that Zic1 and
Zic4 are required for development of the dorsal roof plate. In Zic morphants expression of roof plate markers, including lmx1b.1 and lmx1b.2, is
disrupted. We further demonstrate that zebrafish Lmx1b function is required for both hindbrain roof plate development and 4th ventricle
morphogenesis, confirming that roof plate formation is a critical component of ventricle development. Finally, we show that dorsal rhombomere
boundary signaling centers depend on Zic1 and Zic4 function and on roof plate signals, and provide evidence that these boundary signals are also
required for ventricle morphogenesis. In summary, we conclude that Zic1 and Zic4 control zebrafish 4th ventricle morphogenesis by regulating
multiple mechanisms including cell proliferation and fate specification in the dorsal hindbrain.
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The ventricles of the brain and the central canal of the spinal
cord are connected by a continuous lumen. This ventricular
system contains the cerebrospinal fluid (CSF) and serves
important functions including control of neural cell proliferation,
waste removal and protection against trauma (Miyan et al., 2003;
Novak et al., 2000). Although several abnormalities related to
brain ventricle size and structure have been described (Bergsnei-⁎ Corresponding author. Department of Organismal Biology and Anatomy,
University of Chicago, 1027 East 57th Street, Chicago, IL 60637, USA. Fax: +1
773 702 0037.
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doi:10.1016/j.ydbio.2007.12.006der et al., 2006; McAllister and Chovan, 1998), we lack a detailed
understanding of how the ventricular system forms.
Ventricle development is a late stage of the conserved
morphogenetic process of neurulation that produces the brain
and spinal cord. Neurulation begins as the neural plate tran-
sitions into the neural tube; during this process cell movement
and rearrangement are coupled with regulated growth and
patterning. In zebrafish, neurulation begins around 10 hours
post fertilization (hpf), as the left and right sides of the neural
plate converge towards the dorsal midline, accompanied by
invagination of the neural plate to form the neural keel, a loosely
associated solid mass of neural cells without a clearly defined
midline (Kimmel et al., 1994; Papan and Campos-Ortega,
1994). This transient stage is followed by the formation of the
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ganized as they start to express junctional complexes (Geld-
macher-Voss et al., 2003). In the hindbrain, lumen formation is
initiated at 18 hpf by generation of an epithelial seam at the
midline of the neural rod, followed by a rapid opening of the
ventricle as right and left sides of the rod pull apart to produce a
hollow neural tube overlain by the dorsal roof plate (Tawk et al.,
2007). The transient formation of a neural keel is characteristic
of teleost fishes, with amniote neurulation instead proceeding
by the uprising of lateral neural folds, which meet at the dorsal
midline to form the hollow neural tube (Lowery and Sive,
2004). Despite these species-specific differences, many aspects
of zebrafish neurulation are shared with primary neurulation in
tetrapod vertebrates. In particular, all vertebrates share an
epithelial neural plate and undergo similar cell movements to
produce the anterior neural tube (Lowery and Sive, 2004).
Formation of the amniote posterior neural tube proceeds
through the quite different process of secondary neurulation,
in which a mesenchymal cell population cavitates from within
(Lowery and Sive, 2004); posterior neurulation has not yet been
studied in the zebrafish. Zebrafish neurulation has been best
studied in the developing spinal cord (Ciruna et al., 2006;
Geldmacher-Voss et al., 2003; Kimmel et al., 1994; Papan and
Campos-Ortega, 1994; Schmitz et al., 1993), but more recently
has been described in the hindbrain (Hong and Brewster, 2006;
Lowery and Sive, 2005; Tawk et al., 2007).
A characteristic of the vertebrate hindbrain is its large, dorsally
localized lumen: the 4th ventricle. The 4th ventricle is covered by
a roof plate, which is induced from the lateral edges of the neural
tube and expands dorsally to form a single-cell layer membrane
(Chizhikov and Millen, 2004a; Chizhikov et al., submitted). We
do not yet have a good understanding of hindbrain ventricle
development, although several zebrafish mutants that disrupt
ventricle development have been identified in two large-scale
morphology screens (Jiang et al., 1996; Schier et al., 1996). The
ventricle phenotypes of three mutants have been characterized in
detail. In parachute/n-cadherin mutants epithelial integrity is
disrupted, leading to impaired early neurulation and hindbrain
ventricle morphogenesis defects (Hong and Brewster, 2006; Lele
et al., 2002). In nagie oko/mpp5 mutants the 4th ventricle fails to
undergo morphogenesis again due to disruption of epithelial
integrity (Lowery and Sive, 2005; Wiellette et al., 2004). In
snakehead/atp1a1 mutants normal 4th ventricle morphogenesis
commences, but the ventricle does not fully inflate due to
impaired ion transport (Lowery and Sive, 2005). Lowery and Sive
(2005) also reported that blocking cell proliferation leads to
reduced opening of the 4th ventricle, but that localized cell death
does not contribute to this process.
The embryonic hindbrain is subdivided into 7 segments,
termed rhombomeres (r1–r7), which are fated to become the
cerebellum, pons, and medulla oblongata (Moens and Prince,
2002). The hindbrain rhombomeres demonstrate characteristic
adhesive/sorting properties, and are separated from each other
by morphological boundaries expressing boundary-specific
markers (Moens and Prince, 2002). Both rhombomere bound-
aries and dorsal roof plate of the hindbrain function as sources of
secreted signaling molecules, such as Wnts, which help patternsurrounding structures (Amoyel et al., 2005; Chizhikov and
Millen, 2005; Riley et al., 2004). Rhombomere boundaries are
thought to regulate neurogenesis in adjacent rhombomeres
(Trevarrow et al., 1990), while signals from the roof plate
regulate cell specification in the dorsal regions of the CNS
(Chizhikov and Millen, 2005). Of relevance to hindbrain
ventricle development, previous work in zebrafish has shown
that disruption of Wnt signaling affects rhombomere boundary
patterning in the hindbrain, and this correlates with an inability
of the hindbrain to broaden normally (Amoyel et al., 2005). In
addition, 4th ventricle development is abnormal in mutant
Dreher/Lmx1a mice, in which the caudal hindbrain fails to
induce the formation of the roof plate (Millonig et al., 2000).
Development of hindbrain structures is disrupted in Dandy
Walker Malformation (DWM), a human congenital birth defect
characterized by cerebellar malformations and abnormalities of
the 4th ventricle. Recently, heterozygous loss of ZIC1 and ZIC4
has been shown to underlie DWM (Grinberg et al., 2004).
Similarly, genetic analyses have revealed that heterozygous
deletion of Zic1 and Zic4 in mice causes cerebellar hypoplasia, a
phenotype that closely resembles the cerebellar phenotype of
DWM patients. Additional human dorsal neural tube abnormal-
ities have been linked to mutations in other Zic genes (Grinberg
and Millen, 2005). Mutations in the human Zic2 gene lead to
Holoprosensephaly (HPE) (Brown et al., 2001), the most
common congenital malformation of the human forebrain
associated with midline induction defects and failure to separate
the cerebral cortex and other forebrain structures. Zic2 knock-
down in mouse results in failed induction of the roof plate in the
forebrain region (Nagai et al., 2000), linking roof plate
development with HPE. To date, five Zic genes have been
described in tetrapods and seven in zebrafish (Keller and Chitnis,
2007; Merzdorf, 2007). These genes encode zinc-finger
transcription factors, each containing five zinc-finger domains.
During neural development, Zic genes are expressed in the dorsal
midline of the presumptive CNS in distinct, but overlapping,
domains. Functional studies in various vertebrate models have
revealed multiple roles for Zic family members in CNS
development (Aruga, 2004), but the mechanisms by which Zic
genes exert their effects are largely unknown, with only a limited
number of downstream target genes identified (Aruga, 2004;
Merzdorf, 2007). In Xenopus, gain-of-function studies have
suggested that specific Zic genes function as neural and/or neural
crest inducers (Fujimi et al., 2006; Nakata et al., 1998, 2000;
Brewster et al., 1998). Work in mouse shows that Zic1 functions
to promote neural proliferation and inhibit neuronal differentia-
tion, both in the cerebellum and the dorsal spinal cord (Aruga
et al., 2002a; Aruga et al., 2002b). Finally, in zebrafish, the linked
genes zic2 and zic5 have recently been implicated in regulating
growth of the dorsal midbrain (Nyholm et al., 2007). Although
zebrafish zic1 expression has been described (Grinblat et al.,
1998), the functions of zic1 and zic4 have not been analyzed.
As zebrafish provides an accessible vertebrate model to
study the process of ventricle morphogenesis (Lowery and Sive,
2004), we investigate here the roles of zebrafish Zic1 and Zic4
in dorsal neural tube development. Similar to mouse (Grinberg
and Millen, 2005), we find that zebrafish zic1 and zic4 are a
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expression. We provide evidence that zebrafish Zic1 and Zic4
function cooperatively to promote 4th ventricle morphogenesis.
We find that Zic1 and Zic4 regulate cell proliferation in the
dorsal hindbrain without affecting early hindbrain regionaliza-
tion or neural crest development. Moreover, we find that the
role of Zic1 and Zic4 in ventricle morphogenesis is directly
linked to their role in roof plate development. In the absence of
Zic function, morphological and molecular markers of roof
plate, including expression of lmx1b.1 and lmx1b.2 genes, are
disrupted. We further demonstrate that zebrafish Lmx1b
function is required for hindbrain roof plate development, and
that loss of Lmx1b is again sufficient to disrupt 4th ventricle
morphogenesis. Finally, we show that Zics regulate the
establishment of rhombomere boundary-derived Wnt signals,
and that these signals are also necessary for normal ventricle
morphogenesis. Taken together, our results suggest that
zebrafish Zic1 and Zic4 control hindbrain ventricle formation
through their effects on multiple aspects of dorsal hindbrain
development. Zic1 and Zic4 regulate proliferation, promote the
development of dorsal neural tube derivatives including the roof
plate, and link patterning from two hindbrain signaling centers,
the roof plate and rhombomere boundaries. Although ventricle
morphogenesis of the teleost and amniote hindbrains proceeds
through different mechanisms, we suggest that fundamental Zic
functions are likely conserved throughout vertebrates, and
aspects of zebrafish Zic1 and Zic4 gene function may therefore
inform future studies of human Dandy Walker Malformation.
Materials and methods
Zebrafish maintenance
Wild-type fish strain *AB were used in this study. Embryos were raised at
28.5 °C and stage-matched based on morphological criteria (Kimmel et al.,
1995).
Full length Zic4 cloning
Zebrafish zic4 was identified by analysis of genomic sequence obtained
from the Danio rerio Sequencing Group at the Sanger Institute (http://www.
ensembl.org/Danio_rerio/index.html), based on homology to mouse Zic4 and
proximity to zebrafish zic1 (Grinblat et al., 1998). To isolate a full-length cDNA
clone, a 15–19 hpf cDNA library constructed by B. Appel was screened by high-
stringency hybridization with a PCR-amplified partial cDNA as probe (NCBI
accession # EF546434).
Antisense morpholino oligonucleotide and mRNA injections
Embryos were microinjected at the one to two-cell stage with 1–15 ng
morpholino oligonucleotides (MO: GeneTools) dissolved in 1× Danieau's
buffer (Nasevicius and Ekker, 2000), or with mRNA as previously described
(McClintock et al., 2001). To confirm that microinjections did not cause
nonspecific morbidity or morphological defects, control embryos were injected
with either 1× Danieau buffer or with an unrelated control morpholino (hoxc1a
MO: TGATAAGAATTCATGACCGCATCTC). Zic MOs used were:
zic1 MOs:
UTR (U): 5′-GTCTCTGCTTACTATTTCTCTGACT-3′;
ATG (A): 5′-ACTGTGGTCCTGCGTCCAAGAGCAT-3′;
SA: 5′-TTTTCACCTAACAAAAACAAAGCAA-3′,zic4 MOs:
UTR (U): 5′-GAATAACTTGACAGCAGGCAAAATA-3′;
ATG (A): 5′-CTTCCCAAAGCATCCACGCTCATTA-3′;
SA: 5′-CTTTTCACCTAAAACAACAAAACAG-3′.
A similar range of phenotypes was seen in response to microinjection of
each individual Zic MO (Supplemental Table S1). Table S1 summarizes
phenotypes obtained in response to injection of individual and co-injected Zic
MOs at various concentrations. This initial analysis was used to establish
appropriate injection parameters for further phenotypic analysis (see Table 1).
For further analysis we used the concentration of each individual Zic1 and Zic4
morpholino that gave the highest percentage of embryos with the phenotype
(“dorsal fused” neural tube at the level of the hindbrain, as assessed by in situ
analysis using zic1 as a dorsal molecular marker). Other MOs were used as
described: Lmx1b.1 MO and Lmx1b.2 MO (O'Hara et al., 2005), mismatch
Lmx1b MO control (O'Hara et al., 2005), Wnt1 MO (Amoyel et al., 2005), and
Rfng MO (Cheng et al., 2004).
Whole-mount in situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was performed as described (Prince
et al., 1998). The zic4 plasmid was digested with SacII and antisense riboprobe
synthesized using SP6 RNA polymerase (Promega). Other riboprobes were used
as described: zic1 (Grinblat and Sive, 2001), zic2a and zic5 (Nyholm et al.,
2007), hoxb1a (McClintock et al., 2001), ephA4 (Irving et al., 1996), krox20
(Oxtoby and Jowett, 1993), pax3 and pax7 (Seo et al., 1998), msx-C (Phillips
et al., 2006), shh (Krauss et al., 1993), dlx2a (Akimenko et al., 1994), phoxd3
(Stewart et al., 2006), atoh1.1 and atoh1. 2 (Adolf et al., 2004), lmx1b.1
(O'Hara et al., 2005) and lmx1b.2 (gift from Dr. Dae-Gwon Ahn), gdf6a (Thisse
et al., 2001), rfng and wnt1 (Amoyel et al., 2005). Embryos were scored under
the dissecting microscope, before being mounted in glycerol and photographed
using a Zeiss Axioskop microscope and Nikon D1 camera. In each experiment
injected embryos were subdivided and a portion assayed for neural tube
phenotypes, while the remainder of embryos were assayed for changes in gene
expression.
TUNEL assay to detect cell death was carried out using the in situ Cell
Death Detection Kit, AP according to manufacturer's instructions (Roche).
Whole-mount immunohistochemistry was performed as described (McClintock
et al., 2001). Primary antibodies used were: anti-HuC/HuD (monoclonal,
1:500, Molecular Probes), anti-phospho Histone3 (pH3, polyclonal, 1:500,
Upstate Biotechnology), and anti-BrdU (G3G4, monoclonal, 1:100, Hybridoma
Bank). Secondary antibodies were conjugated to Alexa Fluor-488, -546, and
-633 (Molecular Probes). Embryos were mounted in glycerol and confocal
images acquired using a Zeiss LSM-510 confocal microscope with a ×25
objective, and further image processing done with ImageJ. Transverse sections
were obtained by embedding stained embryos in Durcupan/Araldite and
sectioning at 5 μm intervals. In addition, sections of about 50 μm were cut
manually with micro-scissors.
BrdU treatment, mitotic index and cell counting
Whole mount embryos were treated with 10 mM BrdU (5-Bromo-2′-
Deoxyuridine, Sigma) in 15% DMSO and embryo medium essentially as
previously described (Shepard et al., 2004). Briefly, embryos were
dechorionated and placed in embryo medium on ice for 15 min, followed
by 20 min incubation on ice in BrdU. Embryos were then placed in pre-
warmed embryo media for 3 min at 28.5 °C, followed by fixation in 4%
paraformaldehyde (PFA, Sigma) for 2 h at room temperature and dehydration
to 100% methanol at −20 °C. Prior to anti-BrdU antibody staining, embryos
were rehydrated and treated with proteinase K (10 μg/ml, Roche) for 15 min,
then fixed in 4% PFA for 30 min. After rinsing in dH2O, embryos were treated
with 2N HCl (Sigma) for 1 h at room temperature. Embryos were then
processed for BrdU antibody staining as previously reported (McClintock et
al., 2001).
Whole-mount embryos labeled with anti-pH3 antibody to detect proliferat-
ing cells were counterstained with the nuclear marker Sytox-green (50 μM,
Molecular Probes). Embryos were mounted in dorsal view and z-sections of the
Table 1
Concentration-dependent “dorsal fused” phenotype in Zic and/or Lmx1b morphants assessed at 24 hpf in response to morpholinos targeted against 5′UTR (U) and/or
ATG (A) of zic1, zic4, and lmx1b.1, lmx1b.2 genes using a zic1 as a dorsal molecular marker
Condition Total # of
assessed
embryos
No
phenotype
“Dorsal fused” phenotype % showing
any phenotype
Mild
phenotypea
Intermediate
phenotypeb
Severe
phenotypec
Control: 1× Danieau buffer or unrelated MO 98 100% – – – 0
Zic1 MO (UTR+ATG)
(U) 1 mg/ml+(A) 1 mg/ml=2 mg/ml 87 70% 24% 4% 2% 30
(U) 2 mg/ml+(A) 2 mg/ml=4 mg/ml 81 13% 14% 25% 48% 87
Zic4 MO (ATG)
(A) 4 mg/ml 74 80% 17% 3% 0% 20
(A) 8 mg/ml 94 9% 14% 16% 61% 91
Zic1 MO (UTR+ATG)+Zic4 MO (ATG)
Zic1(U) 1 mg/ml+Zic1(A) 1 mg/ml+Zic4(A) 4 mg/ml 96 6% 7% 17% 70% 94
Lmx1b.1 MO (ATG)
(A) 2.5 mg/ml 53 94% 6% 0% 0% 6
(A) 5 mg/ml 71 53% 38% 9% 0% 47
Lmx1b.2 MO (ATG)
(A) 2.5 mg/ml 67 85% 14% 1% 0% 15
(A) 5 mg/ml 138 32% 11% 19% 38% 68
Lmx1b.1 MO (ATG)+Lmx1b.2 MO (ATG)
Lmx1b.1(A) 2.5 mg/ml+Lmx1b.2(A) 2.5 mg/ml 83 17% 13% 14% 56% 83
Zic1 MO (UTR+ATG)+Lmx1b.2 MO (ATG)
Zic1(U) 1 mg/ml+Zic1(A) 1 mg/ml+Lmx1b.2(A) 2.5 mg/ml 61 8% 7% 11% 74% 92
Zic4 MO (ATG)+Lmx1b.2 MO (ATG)
Zic4(A) 4 mg/ml+Lmx1b.2(A) 2.5 mg/ml 52 6% 4% 10% 80% 94
a Mild phenotype: one fusion along the dorsal hindbrain leading to incomplete ventricle morphogenesis or incomplete opening of the ventricle (Fig. 2F).
b Intermediate phenotype: several fusions of the dorsal hindbrain leading to incomplete ventricle morphogenesis (Fig. 2E).
c Severe phenotype: complete fusion of the dorsal hindbrain up to rhombomere 1 leading to incomplete ventricle morphogenesis (Fig. 2D).
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individual count of proliferating and total cells was made from three consecutive
3 μm sections using ImageJ software as previously described (Lyons et al.,
2003), from an invariant 120 μm long region of the brain spanning
approximately two rhombomeres adjacent to the otic vesicle. For each specimen
two separate counts were performed, one from a dorsally located region and one
from a ventrally located region within the 60 μm dorsal domain encompassing
the depth of the ventricle; counts were performed from both sides of the neural
tube. Mitotic index (proliferating cells/total number of cells) was then calculated
for each embryo. Between 5 and 18 specimens were assayed for each
experimental condition. ANOVA tests for comparison of multiple groups were
performed using GraphPad Prism 4.03 software; Pb0.05 was considered
significant.
Results
Zebrafish zic1 and zic4 are linked genes expressed in the
dorsal neural tube during neurulation
Zic gene family members are typically found in linked,
divergently transcribed gene pairs (Aruga, 2004; Grinberg and
Millen, 2005). We have identified zebrafish zic4, and found that
it is closely linked with zic1 (Grinblat et al., 1998) on chro-
mosome 24 of the zebrafish genome. Zebrafish zic1 and zic4
genes are arranged in a characteristic divergent configuration,
with 4.34 kb of intergenic (IG) DNA separating their trans-
cription start sites (Fig. S1). The IG is likely to contain im-
portant regulatory sequences that may control transcription of
both zic1 and zic4, as has been shown for the zic2a/zic5 gene
pair (Nyholm et al., 2007). Zic1 and Zic4 are similarly linked in
the human and mouse genomes.The expression pattern of zebrafish zic1 at stages up to
24 hpf was previously reported (Grinblat et al., 1998; Grinblat
and Sive, 2001; Rohr et al., 1999). We compared the expression
patterns of zic1 and zic4 from gastrulation through larval stages
(72 hpf). We found that both genes are expressed during
gastrulation in the anterior neuroectoderm (Figs. 1A, B aste-
risks) and lateral edges of the future neural plate (Figs. 1A, B
arrows), with the expression onset for zic1 gene at mid-
gastrulation (75% epiboly) and zic4 at late-gastrulation (90%
epiboly). By 13 hpf zic1 and zic4 expression extend posteriorly
into the hindbrain. Comparison with krox20, a marker of r3 and
r5, shows that zic1 expression extends posteriorly as far as r4 at
this stage, while zic4 expression is limited to a more anterior
domain (Figs. 1C, D). By mid-somitogenesis, at 16 hpf (Figs.
1E, F), zic1 and zic4 expression localize to the dorsal neural
tube throughout its anteroposterior (AP) extent. Their expres-
sion is modulated along the AP axis (Figs. 1E, F). In addition,
and as previously reported for zic1, expression of both zic1 and
zic4 is detected in telencephalon, diencephalon, midbrain, and
somites (arrows in Figs. 1E, F).
In dorsal view, expression of zic1 (data not shown) and
zic4 highlight the progression of hindbrain ventricle opening
between 18.5 and 24 hpf (Figs. 1G–I): ventricle opening
commences at the level of r1 (Fig. 1G) and continues posteriorly
(Figs. 1H, I). Sections through r5 of 18 hpf (Fig. 1G′) and 24 hpf
(Fig. 1I′) embryos indicate that, similar to zic1 (Fig. 2C′), zic4
expression is restricted to the dorsal neural tube, surrounding the
ventricle, including the roof plate (Fig. 1I′). During later stages
of zebrafish development (48–72 hpf), zic1 and zic4 expression
Fig. 1. Dorsal neural tube restriction of zic1 and zic4 linked genes during embryonic development. (A, B) Dorsal view (anterior to the top) of RNA in situ hybridization of
zic1 (A) and zic4 (B) at their onset of expression at 75% epiboly (zic1) and 90% epiboly (zic4) in the anterior (asterisks) and lateral border (arrows) of the neural plate. (C–M)
Developmental stages are as indicated; dorsal (C, D, G–L) and lateral (E, F, M) views, anterior to the left. Transverse sections of the neural tube (outlined with yellow dots)
(G′, I′, K′). (C–F) Whole-mount embryos showing modulated zic1 (C, E) and zic4 (D, F) expression along the AP axis (C, D) and dorsal restriction of expression in the
neural tube (E, F). (C–F) krox20 is a marker for r3 and r5. (G–I) zic4 RNA in situ hybridization of whole-mount embryos highlighting the progression of hindbrain ventricle
opening (arrows) from 18.5 hpf (G) to 21 hpf (H) and 24 hpf (I). Note dorsal restriction of zic4 expression in transverse sections through r5 at 18.5 hpf (G′) and 24 hpf (I′), as
indicated by white dotted lines in panels G and I respectively. Note at 18.5 hpf (G′) the absence of a ventricle opening, while at 24 hpf (I′) the opening is clearly defined. zic4
is expressed in the roof plate (RP) indicated by arrow in panel I′. (J–M) zic1 (J) and zic4 (K–M) transcripts continue to be expressed in the dorsal neural tube. Arrow in
panels J and K indicates the expression of zic1 and zic4 respectively in an unidentified population of dorsal midbrain neurons. Dorso-lateral expression domain of zic4 is
maintained at 48 hpf (K′) in transverse section at level indicated by white dotted line in panel K. t, telencephalon; d, diencephalon; m, midbrain; h, hindbrain, s, somites.
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shown), with expression becoming localized within the
dorsolateral extent of the neural tube (Fig. 1K′). At 48 hpf zic1
expression is detected in discrete domains in the dorsal midbrain
(Fig. 1J); a similar pattern emerges for zic4, but in a more
medially restricted domain (Fig. 1K). The overlapping expres-
sion patterns of zic1 and zic4, taken together with their linked
genomic organization, suggest that they may share common
regulatory mechanisms.
Altered hindbrain ventricle morphogenesis in Zic1 and Zic4
morphants
We used morpholino (MO) knockdown to investigate the
functions of Zic1 and Zic4. For each Zic we obtained similarresults using any of three different MOs (see Supplemental
Table S1, Materials and methods and Table 1), whereas inject-
ion of an unrelated control MO had no phenotypic consequence.
In addition, we found that use of a Zic1 splice acceptor (SA)
MO specifically reduced the levels of normally processed zic1
transcript (data not shown). However, as SA MOs had some
additional non-specific toxicity (e.g. shortened body axis at
24 hpf assessed by bright field imaging) our remaining phe-
notypic analysis was performed using Zic1 and Zic4 5′UTR
and/or ATG MOs (Supplemental Table S1). The surviving
morphants were assessed at 24 hpf for the “dorsal fused neural
tube” phenotype using zic1 as a dorsal marker.
We found that knockdown of Zic1 and Zic4 (together or
independently) led to a fused hindbrain ventricle phenotype
(Fig. 2, Table 1), whereas forebrain and midbrain morphology
Fig. 2. Dorsal hindbrain ventricle morphogenesis is altered in Zic1 and Zic4
morphants. Dorsal view of the hindbrain (A–F, G, H) and cross-sections of the
neural tube (outlined by yellow dots) at the level of r5 (C′, D′, G′, H′). (A, B)
Bright field live images of hindbrains of 24 hpf control embryos (A) and Zic1+4
morphants (B). Dorsal folds that outline the hindbrain ventricle in control
hindbrains (A) are aberrantly fused at the dorsal midline in Zic1+4 morphants
(B). Brackets in panels A and B indicate the length of the hindbrain. (C–F)Dorsal
zic1 expression at 24 hpf allows visualization of hindbrain ventricle defects in
Zic1+4 morphants (D–F; and see Table 1) compared to controls (C). Transverse
sections at AP levels indicated by white dotted lines in panels C and D show
hindbrain ventricle opening is impaired in 24 hpf Zic1+4 morphants (D′)
compared to controls (C′). Arrow in panel C′ indicates roof plate (RP) overlying
the ventricle, and in panel D′ indicates absence of a well-defined RP. (G–H′)
Dorsal view of zic1 expression in 48 hpf controls (G) and Zic1+4 morphants (H)
showing “dorsal fused” phenotype. (G′, H′) Transverse sections at AP levels
indicated by the white dotted lines in panels G and H show ventricle opening is
impaired in 48 hpf Zic1+4 morphants (H′) compared to controls (G′).
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lized in 24 hpf live specimens using bright-field microscopy
(Figs. 2A, B), or using molecular markers of the dorsal neural
tube, such as zic1 itself (Figs. 2C–H′). For simplification, we
only show Zic1+4 double morphants, but Table 1 includes
analysis of both single and double morphants. Note that below
we refer to Zic1 and Zic4 double morphants as “Zic morphants”,
“Zic-deficient” or “Zic-MO injected” embryos. The most severe
knockdown phenotype was characterized by a complete fusionof the dorsal hindbrain between r2 and the spinal cord (Fig. 2D,
Table 1), and the least severe phenotype was characterized by
either a single fusion point, or an incomplete opening of the
ventricle (Fig. 2F, Table 1). We also observed intermediate
phenotypes with multiple points of fusion along the AP extent
of the hindbrain (Fig. 2E, Table 1). Transverse sections through
r5 indicated that the normal dorsal opening of the hindbrain
(Fig. 2C′) is obstructed in Zic morphants (Fig. 2D′). We deter-
mined that the dorsal fused phenotype does not merely represent
a delay in normal neural tube development (Figs. 2G, G′):
phenotypes similar to those assessed at 24 hpf were observed in
48 hpf Zic morphants (Figs. 2H, H′).
We compared the phenotypes resulting from injection of
Zic1 or Zic4 MOs alone, with those resulting from co-injection
of half the concentration of each MO together, and found that
the double knockdown produced a significantly higher per-
centage of embryos with the most severe complete fusion phe-
notype (Table 1). This result suggests that the linked zic1 and
zic4 genes function in a cooperative manner. We also found
that zic1 expression is unaffected in Zic4 morphants and con-
versely, zic4 expression is unaffected in Zic1 morphants (data
not shown), suggesting that these transcription factors do not
cross-regulate one another. In addition, hindbrain expression of
other members of the zic gene family (zic2a and zic5) was also
unaffected by Zic1 and/or Zic4 knockdown (data not shown).
As the anterior hindbrain ventricle opens on schedule in all our
Zic knockdowns we conclude that Zic1 and Zic4 are probably
not required for initial hindbrain ventricle opening at the level of
r1, but that both are required for normal morphogenesis of the
remainder of the hindbrain ventricle after 18 hpf. We attempted
to rescue the fused ventricle phenotype by co-injection of zic1
mRNA together with Zic1 MO but were unable to restore
normal ventricle morphology. Rather, when injected alone Zic1
mRNA produced similar ventricle phenotypes to those observed
with Zic1 or Zic4 MOs (data not shown), suggesting that ven-
tricle morphogenesis is sensitive to both decreased and in-
creased Zic1 and Zic4 expression levels. Similar failed attempts
to rescue hindbrain morphogenesis phenotypes were reported
for Tcf3b MO (Dorsky et al., 2003), suggesting that hindbrain
morphogenesis requires appropriate expression levels of multi-
ple genes.
Zic1 and Zic4 are required for normal dorsal hindbrain cell
proliferation
Previous analysis of mouse dorsal spinal cord indicated that
Zic1 functions to promote the expansion of dorsal hindbrain
progenitor cells (Aruga et al., 2002b). We therefore tested
whether hindbrain cell proliferation is similarly regulated by
zebrafish Zic1 and Zic4. Using the pH3 antibody, which labels
proliferating cells, at the onset of ventricle opening (18 hpf) we
found no change in the mitotic index (proliferating cells/total
cells) in dorsal hindbrains of either single or double morphants
relative to controls. In contrast, at 24 hpf, when the ventricle is
fully open, we found a 42% reduction of the mitotic index in
Zic1-deficient hindbrains, 51% reduction in Zic4-deficient
hindbrains, and 56% reduction in double knockdowns (Figs.
382 G.E. Elsen et al. / Developmental Biology 314 (2008) 376–3923A–B). Qualitative analysis of pH3 labeling showed that pro-
liferation was already slightly reduced in 21 hpf Zic-deficient
hindbrains (data not shown). We also assayed proliferation by
using BrdU treatment followed by immunostaining with anti-
BrdU antibody, to label cells in S-phase of the cell cycle (Fig.
S2). We found that in 18 hpf embryos the number of hindbrain
cells in S-phase did not differ between control embryos and
Zic1+4 morphants (Figs. S2A, B). However, in agreement with
our pH3 analysis, 24 hpf Zic1+4 morphants show a drastic
reduction in dorsal hindbrain proliferation compared to control
embryos (Figs. S2C, D). Increased cell death does not account
for the reduced proliferation, as the number of apoptotic cells
was equivalent in the presence or absence of Zic function (data
not shown). Together, these findings reveal that zebrafish Zic1
and Zic4 positively regulate dorsal hindbrain cell proliferation
during the process of ventricle opening. As proliferation has
previously been shown to influence zebrafish ventricle expan-Fig. 3. Zic1 and Zic4 function is required after initial ventricle opening for dorsal neu
of hindbrain mitotic index at 18 hpf (A) and 24 hpf (B) in controls, Zic1 morphants, Z
and Zic morphants as the ratio of the number of proliferating cells over the total numb
18 hpf remained unaffected in Zic morphants compared to controls (A), while at 24 h
the number of embryos assessed per experimental condition. Asterisks in panel B
sections (3 μm thick; longitudinal view) through hindbrain immunolabeled with the
green (C′, D′), and merged (C″, D″) of 24 hpf controls (C, C′, C″) and Zic1+4 msion (Lowery and Sive, 2005), reduction of proliferation in Zic-
deficient hindbrains may contribute to the fused ventricle
phenotype.
Dorsal hindbrain fates are disrupted in Zic1 and Zic4-deficient
hindbrains
To further investigate the mechanisms of Zic function we
tested whether anteroposterior (AP) or dorsoventral (DV) hind-
brain fates are altered in Zic1 and Zic4-deficient embryos. We
found that markers of AP identity (hoxb1a, krox-20, and
ephA4) and markers of early DV identity (msx-C, pax3, pax7,
and shh) had indistinguishable expression patterns in control or
Zic-MO injected specimens (Figs. 4A–D, data not shown),
suggesting that early patterning defects do not underlie later
ventricle morphology defects. Since zic expression is restricted
to the dorsal hindbrain, including the roof plate, we asked whe-ral proliferation in the hindbrain. (A, B) Comparison of the quantitative analysis
ic4 morphants, and Zic1+4 morphants. Mitotic index was calculated in controls
er of cells (as described in Materials and methods). Dorsal neural proliferation at
pf the mitotic index was reduced in Zic morphants compared to controls (B). n is
indicate significant differences compared to controls. (C, D) Dorsal confocal
proliferating marker pH3 (C, D), counterstained with the nuclear marker Sytox
orphants (D, D′, D″).
Fig. 4. Dorsal fates are selectively altered in Zic1 and Zic4 morphants without affecting early dorsal–ventral (DV) or anterior–posterior (AP) patterning. (A–D) RNA in
situ hybridization with a DV marker pax3 (blue in panels A–D) and an AP marker krox20 (red in panels A, B). Lateral view of 16 hpf embryos (A, B) and transverse
sections at the level of r5 of 22 hpf embryos (C, D). DVand AP marker distribution and expression are established normally in Zic1+4 morphants (B, D) compared to
controls (A, C). (E–H) Dorsal view of 11 hpf embryos labeled with the early neural crest induction/specification marker foxD3 (E, F) and lateral view of 24 hpf embryos
labeledwith a neural crest migrationmarker dlx2a (G, H). Arrows in panels G andH indicate the expression of dlx2a in the pharyngeal arches. Neural crest induction and
migration is unaltered in Zic1+4 morphants (F, H) compared to controls (E, G). (I–P) atoh1.1 expression labels dorsal hindbrain progenitors, stages as indicated: lateral
views (I, J, O, P), and dorsal views (K–N). At 11 hpf atoh1.1 expression is unaffected in Zic1+4 morphants (J) compared to controls (I). At 18 hpf expression is slightly
reduced in Zic1+4 morphants (L) compared to controls (K). By 24 hpf atoh1.1 expression levels and domain size are dramatically reduced in Zic1+4 morphants (N, P)
compared to controls (M, O). Arrows in panels M–P indicate the anterior region of r1, where expression of atoh1.1 is lost in Zic1+4 morphants.
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affected in Zic morphants.
The dorsal neural tube gives rise to three cell fates: neural
crest cells, dorsal hindbrain progenitors, and roof plate cells
(Chizhikov and Millen, 2004a). Using a series of molecular
markers we demonstrated that while neural crest is unaffected
(Figs. 4E–H), the dorsal progenitors are reduced and the roof
plate disrupted or absent in the hindbrains of Zic morphants
(Figs. 4I–P and 5A–J). The expression of neural crest proge-
nitor marker foxd3 in the neural plate border at 11 hpf was
indistinguishable in Zic morphants (n=23) and controls (n=26)
(Figs. 4E, F). Similarly, neural crest migration, as revealed by
dlx2a expression at 24 hpf, was unchanged (n=28) in com-
parison to controls (n=24) (Figs. 4G, H).
We used atoh1.1 as a marker of dorsal neural progenitors
(Adolf et al., 2004; Koster and Fraser, 2001). In Zic morphants,
the induction of atoh1.1 expression at 11 hpf was unaltered
(n=31) compared to controls (n=27) (Figs. 4I, J). However, at18 hpf, the stage when ventricle opening initiates, dorsal
atoh1.1 expression levels began to show a slight reduction in
Zic morphants (30/47) relative to controls (n=56) (Figs. 4K, L).
As hindbrain ventricle expansion continues, from 18–24 hpf,
both the levels and the distribution of expression of atoh1.1
were significantly reduced (42/54; Figs. 4N, P) compared to
controls (n=43; Figs. 4M, O). In Zic morphants, by 24 hpf, the
expression of atoh1.1 was also significantly reduced in the most
anterior part of r1, the presumptive valvula cerebelli (arrows in
Figs. 4M–P). Interestingly, reduced anterior r1 atoh1.1 ex-
pression was also observed in 24 hpf Zic4 morphants (55/71,
data not shown) but not in Zic1 morphants (n=81), suggesting
that Zic4 selectively regulates the expression of atoh1.1 in this
region. Expression of the related gene atoh1.2 (Adolf et al.,
2004) was similarly reduced in hindbrains of Zic double mor-
phants (27/32 embryos, data not shown), and again showed a
loss of expression in anterior r1 (23/32, data not shown). The
gradual reduction observed in the number of atoh1.1 positive
Fig. 5. Loss of lmx1b expression in Zic morphants underlies loss of roof plate development and is linked to ventricle morphogenesis. (A–H) Expression of lmx1b.2 at
18 hpf (A–D) and 24 hpf (E–H). Dorsal view (A, B and E, F) and lateral view (C, D and G, H) of controls (A, C and E, G) and Zic1+4 morphants (B, D and F, H). In
Zic1+4 morphants, the expression of lmx1b.2 in hindbrain roof plate (RP) is missing or down-regulated in 18 hpf (B, D) and 24 hpf embryos (F, H) compared to
controls at 18 hpf (A, C) and 24 hpf (E, G). The expression of lmx1b.2 in roof plate is indicated in controls (A, C and E, G) by black arrows. The expression of lmx1b.2
in ventral serotonergic neurons is unaffected in Zic1+4 morphants (arrowheads in panels A, B). In 24 hpf Zic1+4 morphants, loss of lmx1b.2 expression in the roof
plate correlates with points of dorsal fusion (white arrows in panel F). (G′, I′) Cross-sections at the levels indicated in panels G and I of 24 hpf embryos labeled with
lmx1b.2 probes (G′) and gdf6a probes (I′) to illustrate their expression in roof plate cells (indicated by black arrows). The expression of lmx1b.2 in ventral serotonergic
neurons is indicated by black arrowheads. (I, J) gdf6a expression in dorsal view of 24 hpf controls (I) and Zic1+4 morphants (J). In control embryos, gdf6a is
expressed in the roof plate (arrow in panel I). In Zic1+4 morphants (J), the expression of gdf6a expression is missing or down-regulated in roof plate compared to
controls (I). (K, L) gdf6a expression in 24 hpf lateral view control embryos (arrow in panel K indicates expression in the RP) and Lmx1b.2 morphants (L), shows that
gdf6a expression in roof plate is missing or down-regulated (L). (M, N) zic1 expression, dorsal view of 24 hpf controls (M) and Lmx1b.2 morphants (N) shows that
Lmx1b.2 knockdown causes a dorsal ventricle fusion phenotype. MHB, midbrain–hindbrain boundary.
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hindbrain cell proliferation described above. We suggest that
Zic1 and Zic4 regulation of the expansion of dorsal hindbrain
progenitor domains may contribute to normal hindbrain ven-
tricle morphogenesis.
Roof plate cells generated from the most dorsal neural pro-
genitors form a membranous single-cell layer that covers the
dorsal aspect of the expanding hindbrain ventricle (Chizhikov
and Millen 2004a; Chizhikov et al., submitted). In this study we
define hindbrain “roof plate” as including both the one cell-
layer structure that expands over the hindbrain as the ventricle
opens, and the adjacent most dorsal bilateral regions that are
also positive for roof plate marker gene expression. Our trans-
verse sections through the hindbrains of Zic morphants sugges-
ted that this structure is reduced or absent (Fig. 2D′). Consistent
with this finding, we found that molecular markers of the roof
plate display disrupted expression in Zic morphants. Hindbrain
expression of the LIM-homeobox gene lmx1b.2 initiates at12 hpf in cells that are converging towards the dorsal midline
(O'Hara et al., 2005, data not shown). At 15 hpf, lmx1b.2 is
expressed in the hindbrain dorsal midline, and then in the one
cell-layer roof plate as it expands over the ventricle from 18 hpf
onwards (O'Hara et al., 2005; Figs. 5A, C, E, G, G′). We found
that the duplicate gene lmx1b.1 shows a very similar expression
profile in the dorsal midline, although expression levels are low
in comparison to lmx1b.2 (data not shown). In Zic morphants
we found that the dorsal midline expression of lmx1b.2 was
disrupted from its onset in the hindbrain dorsal midline (data not
shown), and continued to show disruption at 18 hpf (33/45,
Figs. 5B, D) and 24 hpf (42/67, Figs. 5F, H) compared to cont-
rols (n=39, Figs. 5A,C and n=52, Figs. 5E, G). At 24 hpf
dorsal midline lmx1b.2 expression was variable in Zic mor-
phants: some showed no expression along the entire AP extent
of the dorsal hindbrain (18/42, Fig. 5H), while in others the loss
was in restricted AP domains (24/42, Fig. 5F white arrow). In
contrast, the expression of lmx1b.2 in other brain regions, such
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remained unaffected in Zic morphants (Figs. 5A, B arrow-
heads). Dorsal midline expression of lmx1b.1 was similarly
reduced in Zic morphants at stages between 16 and 24 hpf
(data not shown). Expression of an additional roof plate
marker, gdf6a (a TGF-beta class gene) (Fig. 5I′, arrow) was
similarly lost or disrupted in Zic morphants at 24 hpf (37/54;
with 19/37 absent and 18/37 reduced expression) compared
with controls (n=31) (Figs. 5I, J), while gdf6a expression in
the dorsal retina remained unaltered. We suggest that the
variable disruption of roof plate marker expression reflects the
severity of ventricle fusion phenotypes, since absence of roof
plate markers tends to correlate with regions where the ven-
tricle remains fused (Fig. 5F).
We also examined whether ectopic Zic function is sufficient
to induce lmx1b gene expression and expand the roof plate. As
mentioned earlier, Zic1 mRNA over-expression produced a
similar ventricle phenotype to Zic1 morpholino injection, a
phenotype characterized by reduced or absent roof plate. In
our Zic1 over-expression study we found no change in the
expression pattern of lmx1b genes in the dorsal hindbrain
region adjacent to the missing roof plate membrane, suggest-
ing that Zic1 is necessary but not sufficient for lmx1b gene
expression.
Previous studies in mouse and chick spinal cord and mouse
hindbrain have demonstrated that Lmx gene function is required
for roof plate induction and growth (Chizhikov and Millen,
2004b, 2004c, Chizhikov et al., submitted). Using morpholino
knockdown we found that in zebrafish hindbrain, lmx1b.2 plays
a similar role in roof plate development. Lmx1b.2 knockdown
caused reduction or loss of expression of the hindbrain roof
plate marker gdf6a (17/24) compared to controls (n=31) (Figs.
5K, L). This was accompanied by fusion of the hindbrain ven-
tricle, closely resembling the Zic morphant phenotype (compare
Figs. 5M, N with Figs. 2C–F and see Table 1). In contrast,
knockdown of Lmx1b.1 function did not disrupt hindbrain
ventricle morphogenesis to the extent of Lmx1b.2 knockdown
(Table 1). However, co-injection of MOs targeted against both
lmx1b.1 and lmx1b.2 genes enhanced both loss of morpholo-
gical roof plate (data not shown) and the ventricle phenotype
assessed using dorsal molecular markers (Table 1). In addition,
we found that partial Zic knockdown strongly exacerbated the
very mild phenotype caused by injection of a low dose of
Lmx1b.2 MO (Table 1), suggesting that Zic and Lmx genes may
function within the same genetic pathway to control roof plate
development and ventricle opening. Although we found that
Lmx function is required for normal roof plate development, we
did not find alteration in expression of atoh1.1 and atoh1.2 in
Lmx morphants (data not shown). Moreover, qualitative ana-
lysis of neural proliferation using the pH3 antibody in Lmx
morphants further indicated that dorsal neural proliferation is
unaffected (data not shown), suggesting that the effect of zic1
and zic4 genes on dorsal neural progenitors is independent of
their role in roof plate development. In summary, our expe-
riments suggest that Zic1 and Zic4 are necessary for roof plate
development, and that absence of roof plate cells correlates with
ventricle fusion.Zic1 and Zic4 regulate rhombomere boundary-derived Wnt
signals
Previous studies have suggested that zebrafish rhombomere
boundaries are sources of Wnt signals that function to pattern
and control hindbrain neurogenesis (Cheng et al., 2004; Riley
et al., 2004; Amoyel et al., 2005). In addition, wnt1 has been
found to play signaling and growth-promoting roles in both the
midbrain/hindbrain boundary (Wurst and Bally-Cuif, 2001) and
the dorsal neural tube (Megason and McMahon, 2002). Amoyel
and colleagues (2005) reported that wnt1 is expressed at
elevated levels in the dorsal part of rhombomere boundaries by
16 hpf, as well as at lower levels in dorsal hindbrain, and in the
expanded roof plate (by 24 hpf), except at the level of r1 where
no expression is detected (Amoyel et al., 2005; Figs. 6A, C, E).
Thus, in the hindbrain, wnt1 is expressed within the dorsal zic1
and zic4 expression domain over the entire time period of the
neurulation process (compare Fig. S4B′ with Fig. 2C′ and Fig.
1I′). At 16 hpf, we found that wnt1 expression was unaffected
in Zic morphants (n=23) compared to controls (n=31) (Figs.
6A, B). By contrast, at 19 hpf (n=42) and 24 hpf (n=49), when
ventricle morphogenesis is normally in progress, we found that
wnt1 expression was specifically down-regulated in rhombo-
mere boundaries of Zic morphants (25/35 and 45/61 respec-
tively) (Figs. 6C–F). Due to loss of roof plate in Zic morphants
(discussed earlier), the remaining expression of wnt1 appeared
to be localized to the most dorsal aspect of the hindbrain (Figs.
6D, F). We observed a similar down-regulation of wnt3a and
wnt10 expression in rhombomere boundaries at 24 hpf (data
not shown). Amoyel et al. (2005) reported that loss of wnt1
from boundaries led to an expansion of the rhombomere boun-
dary marker rfng. Consistent with this result, we confirmed that
in Zic morphants not only was wnt1 down-regulated in rhom-
bomere boundaries, but there was a concomitant expansion of
rfng into the rhombomere territory at 19 hpf (19/26) and
24 hpf (31/44) compared to controls (n=22 and n=39 respect-
ively) (Figs. 6I–L), while expression of rfng was unaffected at
16 hpf (n=21) compared to controls (n=34) (Figs. 6G, H). As
previously reported in Wnt1 morphants (Amoyel et al., 2005),
rfng did not expand into the r4 territory of Zic morphants
(Figs. 6J, L).
As disruption of Wnt signaling at rhombomere boundaries is
reported to disrupt neuronal differentiation (Amoyel et al.,
2005), we examined hindbrain neuronal differentiation in Zic
morphants using Hu antibody, which labels postmitotic neurons
in clusters within rhombomeres (Fig. S3). In Zic morphants we
found that the segment-restricted pattern of neuronal differ-
entiation is disorganized at 24 hpf (17/27) compared with
controls (n=38), with Hu-positive neurons located not only in
the centers of rhombomeres as in normal specimens, but also
within rhombomere boundaries (Fig. S3). This disorganized
neuronal pattern is consistent with a failure of rhombomere
boundaries to properly pattern the position of neurons within
adjacent rhombomeres.
To address further whether Wnt signals play a role in ven-
tricle morphogenesis, we knocked-down Wnt1 (as described in
Amoyel et al., 2005) and assessed ventricle development using
Fig. 6. Loss of wnt signaling centers at the rhombomere boundaries in Zic1 and Zic4 morphants affects ventricle morphogenesis. (A–F) wnt1 expression in controls
(A, C, E) and Zic1+4 morphants (B, D, F) at 16 hpf (A, B), 19 hpf (C, D) and 24 hpf (E, F), lateral view (A–D) and dorsal view (E, F). krox20 (red in panels A, B),
provides a marker for r3 and r5. In hindbrain,wnt1 is expressed in roof plate (RP) (black arrow in panel A) at elevated levels in rhombomere boundaries (white arrow in
panel C) and in dorsal hindbrain regions (black arrowhead in panel E). We detected no change in wnt1 expression in 16 hpf Zic1+4 morphants (B) compared to
controls (A). By 19 hpf elevated expression of wnt1 in rhombomere boundaries (white arrow in panel C) is lost in Zic1+4 morphants (white arrow in panel D indicates
uniform expression in dorsal hindbrain). Reduced wnt1 expression in rhombomere boundaries persists at 24 hpf in Zic1+4 morphants (F, black arrowhead) compared
to controls (E). Note that altered wnt1 expression (F) is accompanied by a dorsal fused ventricle phenotype. (G–L) rfng expression in controls (G, I, K) and Zic
morphants (H, J, L), lateral view (G–J) and dorsal view (K, L). Expression is not changed in 16 hpf Zic1+4 morphants (H) compared to controls (G). At 19 hpf and
24 hpf, down-regulation of wnt1 expression in rhombomere boundaries in Zic1+4 morphants is accompanied by expansion of rfng, expression into the rhombomere
territory (J, L) compared to controls (I, K). No expansion is observed into r4 (J, L). (M–R) zic1 expression in 18 hpf and 24 hpf controls (M, P), Wnt1 morphants (N,
Q) and Rfng morphants (O, R), dorsal view, and (V, Y) zic4 expression in 24 hpf controls (V), Wnt1 morphants (W), and Rfng morphants (Y), dorsal view. The
expression of zic1 and zic4 is not altered in the hindbrains of Wnt1 morphants (N, Q, W) and Rfng morphants (O, R, Y) compared to controls (M, P, V). Wnt1
knockdown (Q, W) and Rfng knockdown (R, Y) cause dorsal fused phenotypes similar to Zic and Lmx morphants.
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down also caused a ventricle fusion phenotype reminiscent of
Zic morphant phenotype at 24 hpf (40/51) (compare Figs. 6P, V,
Q, W with Figs. 2C–F), compared to controls (n=55). As wnt1
is expressed in the dorsal neural tube and roof plate as well as in
rhombomere boundaries, this result did not allow us to dis-
tinguish in which of these regions Wnt1 functions to regulate
ventricle morphogenesis. We therefore made use of Rfng
knockdown, which has been shown to cause specific loss of
wnt1 expression only in rhombomere boundaries (Amoyel
et al., 2005). As expected, in Rfng morphants, wnt1 expression
was downregulated in rhombomere boundary cells (39/43, data
not shown). This indirect knockdown of Wnt1 function in
boundaries only, again caused ventricle fusions reminiscent of
Zic morphant phenotype (31/42) compared with controls (n=
36) (compare Figs. 6P, V, R, Y with Figs. 2C–F), suggesting
that intact Wnt signals in rhombomere boundaries are necessary
for normal hindbrain ventricle morphogenesis. As zebrafish
zic2 and zic5 genes were previously shown to be positively
regulated by Wnt signaling in the midbrain (Nyholm et al.,
2007), we asked whether expression of zic1 and zic4 in theFig. 7. Roof-plate dependent regulation of rhombomere boundary signals. (A–H) wnt
G, H) at 18 hpf (A, B) and 24 hpf (E, F), dorsal view (A, C and E, G) and lateral view (
at 18 hpf compared to controls (A–D), whereas in 24 hpf Lmx1b morphants, wnt
compared to 24 hpf controls (E, G). Notice the uniform expression of wnt1 in the dors
rhombomere boundaries are not maintained in the absence of lmx1b-dependent roof p
in MHB (midbrain–hindbrain boundary) of Lmx1b morphants. (I–T) lmx1b.2 expres
(M, N, S, T) at 18 hpf (I–N) and 24 hpf (O–T), dorsal view (I, K, M, O, Q, S) an
expression is restricted to the roof plate cells (I, J, O, P), while in Wnt1 morphants,
indicating that dorsal hindbrain Wnt1 signals are required for the restriction of lmx1
signals are down-regulated exclusively in rhombomere boundaries (M, N, S, T), lm
rhombomere boundary-derived signals do not control the expression of lmx1b.2 exphindbrain is altered in Wnt1 or Rfng knocked-down embryos.
We found no change in zic1 or zic4 expression in the hindbrains
of Wnt1 and Rfng morphants, either before ventricle opening at
18 hpf (Figs. 6M–O), or once the ventricle is open at 24 hpf
(Figs. 6P–Y). These results suggest that specific members of the
zebrafish zic gene family are subject to different regulation at
particular AP levels of the CNS. In summary, we conclude that
Zic1 and Zic4 function in the dorsal hindbrain to positively
regulate wnt gene expression in dorsal rhombomere boundaries,
and that rhombomere boundary-derived Wnt signals are in turn
necessary for normal hindbrain ventricle morphogenesis.
Roof-plate dependent regulation of rhombomere boundary
signals
Interestingly, simultaneous knockdown of both lmx1b.1 and
lmx1b.2 roof plate genes (denoted as Lmx1b MO) also led to a
selective reduction of wnt1 expression in rhombomere bound-
aries at 24 hpf (31/59, Figs. 7G, H) compared to controls (n=67,
Figs. 7E, F), while no change in wnt1 expression was observed
in rhombomere boundaries before ventricle opening at 18 hpf1 expression in controls (A, B and E, F) and Lmx1b double morphants (C, D and
B, D and F, H). The wnt1 expression pattern is not changed in Lmx1b morphants
1 expression is specifically down-regulated in rhombomere boundaries (F, H)
al hindbrain of Lmx morphants (G, H), indicating that elevated levels of wnt1 in
late development. Asterisks in panels C, D, G, H denote loss of wnt1 expression
sion in controls (I, J, O, P), Wnt1 morphants (K, L, Q, R), and Rfng morphants
d lateral view (J, L, N, P, R, T). In control embryos, dorsal hindbrain lmx1b.2
lmx1b.2 expression is expanded throughout the dorsal hindbrain (K, L, Q, R),
b.2 expression to the roof plate. By contrast, in Rfng morphants, in which wnt1
x1b.2 expression is not altered compared to controls (I, J, O, P), indicating that
ression in the dorsal hindbrain.
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By contrast, complete loss of wnt1 expression at the midbrain–
hindbrain boundary (MHB) was observed both at 18 hpf and
24 hpf in Lmx1b morphants (Figs. 7C, D, G, H, asterisks)
compared to controls (Figs. 7A, B, E, F) as previously reported
(O'Hara et al., 2005). This reduction of wnt1 rhombomere
boundary expression was again coupled with expansion of rfng
into rhombomere territories at 24 hpf but not at 18 hpf (data not
shown) as in Zic morphants. As Lmx1b function is necessary
for roof plate development we conclude that signals from the
roof plate are required for maintenance of the dorsal rhom-
bomere boundary signaling centers.
We also addressed whether Wnts in the dorsal hindbrain
region, including the roof plate, might in turn regulate lmx1b
gene expression. At 24 hpf, the expression of lmx1b.2 is nor-
mally restricted to the roof plate region, encompassing the ex-
panded one cell layer membrane across the hindbrain ventricle,
as well as bilaterally in the neuroepithelial “shoulder” regions
(black arrow in Fig. S4A′) directly adjacent to the expanded
roof plate (Fig. S4A, A′). Expression of wnt1 overlaps lmx1b.2
in the expanded roof plate at 24 hpf (black arrow in Fig. S4B′),
and is additionally localized to the dorsal half of the hindbrain
(Figs. S4B, B′). We found that in Wnt1 morphants lmx1b.2
expression was expanded in the dorsal hindbrain, both at 18 hpf
(40/42, Figs. 7K, L) compared to controls (n=49, Figs. 7I, J)
and at 24 hpf (55/56, Figs. 7Q, R) compared to controls (n=66,
Figs. 7O, P). However, when Wnt1 was down-regulated only in
rhombomere boundaries, using Rfng morphants, lmx1b.2
expression was not affected both before ventricle opening at
18 hpf (n=35, Figs. 7M, N) and after ventricle opening at 24 hpf
(n=44, Figs. 7S, T) suggesting that the negative regulation of
lmx1b.2 in the dorsal hindbrain does not depend on signals
from rhombomere boundaries. We conclude that Wnt signaling
in the dorsal hindbrain functions to restrict lmx1b.2 expression
to the roof plate, including the “shoulder” region.Fig. 8. Proposed model for the function of Zic1 and Zic4 in hindbrain development.
dorsal roof plate specification (green), through genetic interaction with lmx1b genes, a
wnts (dark blue). The outcome of these three developmental events is normal ventricle
plate signals. Wnt1 in the roof plate (dark blue) and dorsal hindbrain (light blue) also fDiscussion
In this study we have investigated the functions of zebrafish
zic1 and zic4, two closely linked genes that share very similar
patterns of expression in the dorsal neural tube. We have
established that zebrafish Zic1 and Zic4 function cooperatively
to control hindbrain ventricle morphogenesis. In Zic1 and/or
Zic4-deficient specimens the hindbrain ventricle does not
expand in the usual manner and instead remains partially or
completely fused from the level of r2 towards the posterior. In
contrast, development of neural plate and neural keel are inde-
pendent of these Zics, as are neural crest development and early
regional patterning of the hindbrain. Our data are consistent
with a model in which disruption of 4th ventricle morphogen-
esis is a consequence of both disrupted dorsal cell fates and
disrupted proliferation in the hindbrain (Fig. 8). Specifically,
Zic-deficient hindbrains lack roof plate and dorsal rhombomere
boundary-derived Wnt signals, show reduced dorsal neural
proliferation, and reduced numbers of dorsal neuronal progeni-
tors. In Zic-deficient embryos roof plate specification is dis-
rupted shortly before the onset of ventricle opening, whereas the
effects on proliferation and rhombomere boundaries occur
during the initial stages of ventricle formation. We propose that
the various functions we have uncovered for the Zic1 and Zic4
transcription factors normally work in rapid temporal sequence
to control 4th ventricle morphogenesis.
Zic regulation of neural proliferation impacts hindbrain
ventricle opening
Regulation of cell proliferation has generally been consid-
ered an important mechanism that controls embryonic morpho-
genesis. Alterations in cell cycle may modulate the shape of
individual cells and cellular movements (Kahane and Kalcheim,
1998), as both elevated and low rates of cell proliferation haveZic1 and Zic4 in the dorsal hindbrain regulate (1) neural proliferation (red), (2)
nd (3) maintenance of dorsal rhombomere boundary signaling centers expressing
opening. Zics influence rhombomere boundary signaling centers in part via roof
unctions independently of Zics to restrict lmx1b gene expression to the roof plate.
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2005; Song et al., 2004). Early during neurulation, cell division
is critical for the initial formation of the neural tube (Ciruna
et al., 2006; Concha and Adams, 1998; Geldmacher-Voss et al.,
2003; Tawk et al., 2007). Similarly, differential proliferation
within the ventricular zone may regulate later stage cell behav-
ior to allow the lumen to open, perhaps by promoting loss of
cell–cell interactions at the midline or by providing active
forces to drive morphogenetic movements. Consistent with a
role for cell proliferation in the process of ventricle morphogen-
esis, it has been shown that reduction of cell proliferation using
DNA replication inhibitors prevents proper hindbrain ventricle
expansion (Lowery and Sive, 2005). We have demonstrated that
hindbrain dorsal cell proliferation is also downregulated in Zic1
and/or Zic4 morphants after 18 hpf (Fig. 3 and Fig. S2). The
dorsal proliferative zone is restricted to a defined layer
immediately adjacent to the hindbrain ventricle (Lyons et al.,
2003); as zic1 and zic4 expression surrounds the expanding
ventricle, we suggest that one role of these Zics is to positively
regulate dorsal hindbrain proliferation and hence to allow
ventricular expansion after 18 hpf. The reduction in dorsal
neural proliferation rates likely also underlies the overall re-
duction of atoh1-expressing neural progenitor cells in the dorsal
hindbrain (Figs. 4M, P).
The role we propose for zebrafish Zic1 and Zic4 in main-
taining progenitor proliferation is consistent with the functions of
Zics in other contexts. In Zic1−/− mutant mice, the number of
proliferating granule cell precursors is decreased in the external
granular layer of the cerebellum, a defect that may underlie
severe cerebellar hypoplasia coupled with folial patterning
defects (Aruga et al., 1998). Similarly, Zic4+/− mice also show
cerebellar hypoplasia and mild foliation defects, a phenotype that
is exacerbated in Zic1+/−; Zic4+/− mice (Grinberg et al., 2004).
Further, a recent study showed that two other linked zic genes in
zebrafish, zic2a and zic5, promote neural proliferation in an
adjacent brain subdivision, the midbrain tectum, and that Zic2a+
5-deficient embryos exhibit profound midbrain and hindbrain
ventricle morphogenesis defects (Nyholm et al., 2007).
Loss of Zic1 and Zic4 function disrupts roof plate development
in the hindbrain
As the hindbrain ventricle expands, a dorsal overlying single-
cell membrane, the roof plate, forms. This expansion is not
uniform along the AP length of the hindbrain, as differential
growth at specific levels correlates with the rhomboid shape of
the hindbrain. Zic genes are not only expressed in the neuro-
epithelium surrounding the ventricle but also in roof plate cells.
In Zic-deficient zebrafish embryos we found that the fused
hindbrain ventricle phenotype correlated with loss or reduction
of the roof plate markers lmx1b1.1, lmx1b.2 and gdf6a. The
zebrafish gdf6a (growth differentiation factor 6a) gene (Thisse
et al., 2001) is a member of the same gene superfamily (TGF-
beta) as mouse roof plate marker Gdf7 (Chizhikov and Millen,
2005), but is not the direct ortholog of this gene (Davidson et al.,
1999). We noted that the phenotype caused by knockdown of
Zic1 and Zic4 function in zebrafish is strikingly similar to thehindbrain phenotype of drehermutant mice harboring mutations
in the Lmx1a gene (Manzanares et al., 2000; Millonig et al.,
2000). During early embryonic development, the neural tube of
drehermutant mice is abnormally shaped due to failure to gene-
rate sufficient roof plate over the caudal hindbrain. Subsequent
experiments have demonstrated that Lmx1a is both necessary
and sufficient for roof plate induction in the spinal cord
(Chizhikov and Millen, 2004b) and for 4th ventricle roof plate
expansion in the hindbrain region (Chizhikov et al., submitted).
Lmx1b, a closely related gene, shares at least some of this activity
in spinal cord (Chizhikov and Millen, 2004c). In zebrafish, no
lmx1a cDNA has been isolated, although two lmx1b duplicate
genes have been described (O'Hara et al., 2005). A putative
zebrafish lmx1a sequence does exist in the zebrafish genome
database, but the failure to isolate a cDNA for this gene in the
screening strategy described by O'Hara et al. (2005) implies that
this gene is not abundant between 22 and 26 hpf, and suggests
that the duplicate lmx1b genes play the predominant role in
zebrafish neural tube development. Consistent with this, we
have shown that in zebrafish, the lmx1b duplicate genes play a
similar function in roof plate development to mouse Lmx1a.
In Zic-deficient embryos we find both loss of morphologi-
cally identifiable roof plate and down-regulation or loss of
dorsal midline lmx1b gene expression at different AP positions
along the length of the hindbrain. We excluded the possibility
that a mere delay in development can account for the loss of roof
plate, as 48 hpf Zic-deficient embryos also display a dorsal
ventricle fused phenotype. We cannot formally distinguish
between lack of roof plate as a consequence of disrupted Lmx1b
function, versus a lack of lmx1b expression as a consequence of
loss of roof plate. However, we noted that lmx1b reduction is
the first observable defect in Zic morphants, preceding the
initiation of roof plate expansion and ventricle opening by about
2 h. In addition, we find that roof plate is absent or reduced in
Lmx1b morphants, although interestingly, expanded lmx1b ex-
pression in response to loss of Wnt1 signals does not lead to an
enlarged roof plate, showing that zebrafish Lmx1b is necessary
but not sufficient for 4th ventricle roof plate development. A
reasonable model to explain our results is that Zics function
upstream of lmx1b genes to control roof plate development and
ventricle opening. In support of this hypothesis, we find that
partial knockdowns of Zic and Lmx genes cause synergistic
phenotypes (Table 1). Reduced proliferation of roof plate
progenitors, also under Zic control, may further contribute to the
inability of roof plate to expand. While up-regulation of Zic1
and Zic4 expression has been reported in the dorsal spinal cord
of Lmx1b−/− mice (Ding et al., 2004), we have not observed
altered zic1 or zic4 expression in the hindbrains of Lmx1b-
deficient zebrafish, suggesting that context-dependent regula-
tory networks exist. As Lmx1b-deficient zebrafish show very
similar ventricle defects to Zic-deficient zebrafish, we conclude
that roof plate development is an integral component of 4th
ventricle opening. A previous study reported that genetic abla-
tion of roof plate from the mouse dorsal telencephalon similarly
led to ventricle reduction (Cheng et al., 2006), suggesting that
roof plate development is also critical to CNS morphogenesis at
other levels along the AP axis.
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deficient cells that would normally contribute to the roof plate.
As we do not detect elevated levels of apoptosis in Zic-deficient
embryos, cell death cannot account for the loss of these cells. It
is also unlikely that these cells acquire a ventral neural fate, as
global DV patterning is not affected in Zic morphants (Figs.
4A–D). Rather, our results suggest that the most dorsal midline
cells maintain dorsal (alar plate) character. We therefore suggest
that the missing roof plate cells, which represent only a small
cell population, likely contribute to an adjacent cell lineage;
confirmation of this hypothesis must await detailed cell lineage
tracing.
Rhombomere boundary patterning and hindbrain ventricle
morphogenesis
Recent studies have documented the role of zebrafish rhom-
bomere boundaries as signaling centers (Riley et al., 2004;
Cheng et al., 2004; Amoyel et al., 2005). The generation of the
appropriate number and types of mature neurons during early
development requires temporal and spatial coordination of
patterning, proliferation and differentiation, and Wnt factors
expressed in signaling centers such as the roof plate have been
demonstrated to play a role in these processes. Wnts have not
only been shown to promote neural precursor proliferation in
the spinal cord (Megason and McMahon, 2002; Zechner et al.,
2003), but also to regulate neuronal differentiation in both the
dorsal spinal cord (Muroyama et al., 2002; Zechner et al., 2007)
and the zebrafish hindbrain (Amoyel et al., 2005). In zebrafish,
in addition to their expression throughout the dorsal hindbrain,
Wnt signals are expressed in two hindbrain signaling centers: in
dorsal hindbrain boundaries and in the roof plate. Disruptions of
rhombomere boundary formation, or of components of
canonical Wnt signaling, have previously been associated
with gross morphological defects in hindbrain ventricle shape
(Amoyel et al., 2005). We have found that Zic morphants show
reduced expression of wnt1, wnt3a and wnt10, specifically in
rhombomere boundaries. We suggest that this loss of rhombo-
mere boundary-derived signals has effects not only on neuronal
proliferation and differentiation (as previously reported,
Amoyel et al., 2005), but also on hindbrain ventricle opening.
Consistent with this hypothesis, we found that similar to
Zic1+4 knockdown, Wnt1 knockdown led to ventricle fusion
phenotypes. The complex expression of wnts obscures whether
this knockdown phenotype is solely due to removing Wnt
function in rhombomere boundaries, or if the dorsal expression
of Wnts also plays a role in ventricle opening. However, we
found that knockdown of Rfng, which disrupts Wnt function
only in the boundaries (Cheng et al., 2004; Amoyel et al., 2005),
again causes ventricle opening defects, suggesting that Wnt
signals from rhombomere boundaries, independent of roof
plate-derived signals, are critical to normal ventricle morpho-
genesis. Similarly, Dorsky et al. (2003) found that knockdown
of Tcf3b, a downstream effector of Wnt signals, disrupted
rhombomere boundary development and Amoyel et al. (2005)
reported ventricle morphogenesis defects in both Tcf3b and
Wnt1 knockdowns. As Zics have previously been shown toinduce Wnt expression in other species (Benedyk et al., 1994;
Merzdorf and Sive, 2006), zebrafish Zic1 and Zic4 could
potentially regulate rhombomere boundary wnt expression.
Alternatively, the loss of wnt expression in rhombomere boun-
daries of Zic morphants may be an indirect consequence of loss
of roof plate-derived signals. Interestingly, 52% of Lmx1b-
deficient embryos show down-regulation of wnt1 expression in
rhombomere boundaries, supporting the hypothesis that roof
plate-derived signals regulate Wnt expression in rhombomere
boundaries. This ability of Lmx1b to influence wnt expression
in rhombomere boundaries may in turn be dependent on direct
Lmx1b regulation of wnt expression in the roof plate. Several
lines of evidence show that Lmx1b has the capacity to regulate
wnt gene expression. Wnt1 expression in the midbrain/
hindbrain isthmus is lost both in Lmx1b mutant mice (Guo
et al., 2007) and in Lmx1b.1+Lmx1b.2 zebrafish morphants
(O'Hara et al., 2005). In addition, mis-expression of Lmx1b in
zebrafish hindbrain leads to ectopic expression of wnt1 (O'Hara
et al., 2005). These findings, taken together with our own data,
suggest that lmx1b genes may similarly regulate wnt expression
in the hindbrain roof plate. In summary, our results indicate that
roof plate-derived signals are necessary to maintain rhombo-
mere boundary signaling centers, and that once formed, the
boundary signaling centers themselves play a critical role in
ventricle morphogenesis independent of roof plate-derived
signaling.
Multiple mechanisms are required for ventricle development
Our results are consistent with a model in which input from
multiple signaling pathways is required both temporally and
spatially for ventricle morphogenesis. Previous studies have
indicated that the shape of the hindbrain ventricle is influenced
via a wide variety of mechanisms. These include correct
neuronal patterning and positional information (Bae et al., 2005;
Bingham et al., 2003; Mawdsley et al., 2004; Schier et al.,
1996), localized cell–cell interactions and cell-shape changes
(Hong and Brewster, 2006; Lele et al., 2002), cell proliferation
(Lowery and Sive, 2005; Nyholm et al., 2007; Song et al.,
2004), ion transport into the ventricular space (Lowery and
Sive, 2005), and proper cellular polarity/integrity of the neuro-
epithelium prior to ventricle opening (Lowery and Sive, 2005).
Our experiments have revealed that Zic1 and Zic4 also play a
critical role in controlling 4th ventricle development. We have
established that the role of these transcription factors in this
process is via integration of their complex pleiotropic functions
in controlling dorsal neural proliferation and dorsal hindbrain
development, including roof plate formation.
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